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Crystal line defects , their transport and interactions with impurities in

potassium and rubidium azides have been studied by ..asur ing the electri cal
conducitivty with ac and dc techniques , the diffusion by a tracer sectioning

technique and by the measurement of ionic th.r .o-currs nt (ITC) .

Methods were developed to grow lazg. and •xcill.nt qualit y single ~
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Th. defect structure in both KN3 and RbN3 is determined to be Schottky - -

type and the charge and mass transport takes place by a vacancy mechanism. The
cp( nductivity studies appeared to reveal true intrinsic behavior as the ac
ih,~surea.nts are influenced by the frequency effects.

~~~Tbe anisotropy in the ionic transport was studied by measuring the
diffusion of Rb ~.n RbN3 parallel and nQrma1 to th. c-axis. The corresponding

,4~~ivation enthalpies are 1.43 and 1.4$ eV. The dj ffusj vj ty along the c-axis
is higher than that. in the normal direction by a factor of 3. This indicates
larg, difference in the j~~~ frequencies and/or entropy terms involved in the
transport process along the two directions. The correlation functions in the
two directions were also determined . The activation enthalpy for Ag4 diffusion
along the c-axis is found to be 1.76 eV. Thus the activation entha lpy for
diffusion of Ag ion (1.26 ~) is larger than that of Rb (1.48 ~). This
supports the size effects seen in other systems like AgC1 and NaC1.

Th. relaxat ion modes of the impurity-vacancy ~~ oies were measured by
the ITC technique in KN3 samples doped with ~~~~ Ca~~ cà~

2, Pb Z and NL~
2 and

in bJ4~ sa~~les dop~d_!~~~’Ba~~.. Single ITC peaks were observed in all cases

*~dicating single mode of relaxation . As the ionic radius of the dopants
/incr.&sed from Ni~

2 to Pb 2, the activation enthalpy (~) of the impurity-defect
‘ dipoles acnotonically increased from .49 to .88 sV and the relaxation time Cr 0)
decreased from 1O~~ to io

20 se For 3&2+ doped RbN3, r~ io 12 sac and
E ~ 0.18 eV. The single relaxation mode and th. decrease of relaxation rates
with the increas, of ionic radius signify that th. nearest neighbor impurity
vacancy dipoles are farmed and that polarizabi.lity and coulomb field of larger
impurity ions inhibits the orienta tional j umps of the host ions into the
neighboring vacancies .

preliminary results of the anisotropic diffusion of Ag~
4 in ~ 43 and

anion diffusion experiments are presented .4z—
The present project has opened up several new directions of work which

have been indicated .
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ABSTRACT

Crystalline defects , their transport and interactions with impurities in

potassiu m and rubidium an des have been studied by measuring the electrical

conductivity with ac and dc techni que s , the diffusion by a tracer sectioning

technique and by the measurement of ionic thermo-current (ITC).

Methods were developed to grow large and excellent quality s~.ng1e

crystals of 1013 and RbN3 by the Kyropolous and solut ion growth techniques .

The defect structure in both KN3 and RbN 3 is determined to be Schottky

type and the charge and mass transport takes place by a vacancy mechanism. The

dc conductivity studies appear ed to reveal true intrinsic behavior as the ac

measurements are influenced by the frequency effects.

The anisotropy in the ionic transport was studied by measuring the diffusion

of Rb in RbN3 parallel and normal to the c-axis. The corresponding activation

enthalpies are 1.43 and 1.45 eV. The diffusivity along the c-axis is higher

than tha t in the normal direction by a factor of 3. This indicates large

difference in the j ump frequencies and/or ent ropy ter ms involved in the trans-

port process along the two directions. The correlation functions in the two

directions were also deter mined . The activation enthalpy for Ag~ diffusion

along the c-axis is found to be 1.76 eV. Thus the activation enth alpy for

diffusion of Ag ion (1.26 g) is larger than that of Rb ’ (1.48 ~) .  This

supports the size effects seen in other systems like AgCl and NaC1.

The relaxation modes of the impur ity-vacancy dipoles were measured by

the ITC technique in KN3 samples doped with Cu’2, Ca’2, Co’2, Pb ’2 and Ni 2 and

in RbN3 samp les doped with Ba
2’. Single ITC peaks were observed in all cases

indicating single mode of relaxation . As the ionic radius of the dopants
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increased from Ni ’2 to Pb’2, the activation enthalpy (~) of the impurity-defect

dipoles monotonically increased from .49 to .88 eV and the relaxation t ime (r0)

decreased from lO
_6 

to l0~20 sec . For Ba 2
~

’ doped RbN3, ~~ io~~2 sec and

E 0.68 eV. The single relaxation mode and the decrease of relaxation rates

with the increase of ionic radius signify that the nearest neighbor impurity-

vacancy dipoles are formed and that polarizability and coulomb field of larger

impurity ions inhibits the orientational j umps of the host ions into the

• neighboring vacancies.

The preliminary results of the anisotropic diffusion of Ag ’ in IC~I3 and

anion diffusion experiments are presented .

The present proj ect has opened up several new direction s of work which

have been indicated.
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I. INTRODUCTION

The inorganic an des form an interesting family of compounds exhibiting

a comparatively rare set of physical and chemical properties which have made

them a subject of continuing investigations.”2 The role of azides as an

energetic material is of great practical importance due to a variety of

applications . Heavy meta!~ azides (such as lead azide) are readil.y exp lodable

and are widely used to initiate detonation. In contrast , alkali azides are

stable ionic compounds like alkali halides . They are known to be sources of

pure nitrogen when decomposition is initiated by external stimulii (photo,

thermal or electrical) under suitable conditions. It is due to this property

that alkali azides have long been of interest as industrial chemicals. Re-

cently, their value as gas generators has received increased attention because

the innocuous properties of the product gases make them useful for infla ing

safety cushions in automobiles and aircraft and as a prime mover in remote

rescue operations and space applications .

Azides are chemically and structurally simple, and are potentially model

systems for the theories of fast reactions in solids. The systematic progression

among the azides from simple ionicity to degrees of covalency introduces a

further dimension of theoretical interest .

A controlled development of the azides as gas generator (alkali az ides)

or as starting material for detonation (heavy metal azides) must depend on

our basic understanding of the initiation and mechanism of “fast solid

reactions”. It is generally established1’2 that initiation of fast reactions

in such materials takes place (a) in definite region of the solid and (b)

growth of this region of decomposition to a burning region followed by

_ _ _  
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  —
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deflagration . Fast reactions in these pseudostable solids are initiated when

some activation energy is supplied by external stimuli which could be therma l ,

mechanical or optical . However, our basic understanding of these processes

in terms of solid state properties of these materials is very inadequate . Solid

state techniques involving the measurement of mass and charge transport in

solids have contributed to our basic understanding of different systems of

materials and development of new materials. Extensive studies have shown that

crystal imperfections like point defects, dislocations and impurities often

play dominant roles in determining the characteristic properties of many solid

systems and contro l the rate processes in solid reactions . These factors may

very well be responsible for the crucial first step for the initiation of fast

reactions.

Alkali azides are known to be ionic solids . The crystalline defects are

charged with the result that charge and mass transport take place by the same

mechanism. Thus , electrical conductivity and the coefficient of self-diffusion

are directly related through the Nernst-Einstein equation. The addition of con-

trolled amounts of aliovalent impurities to an ionic crystal increases the defect

concentration leading to an increase in both the ionic conductivity and

the diffusivity. Also, the defects may interact with each other -- a

divalent impurity such as ~~2+ may form a bound pair with a cation vacancy

giving rise to permanent dipole. Both diffusion and ionic conductivity

measurements can be used to monitor these effects. The measurement of ionic

thermo-current (ITC) leads to a detailed understanding of the relaxation modes

of these impurity-defect dipoles and thus the important roles of the impurities.

A comprehensive program for such studies of the defect structure in alkali

an des, their transport and interaction with impurities was developed under

— — - —-.-~~~~~~~~—-r~~~ :1_ . -_ _ - ~~~~ - -
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the present project . The pr.~ ;ipal experimental techniques used are : tracer

diffusion of cations by serial sectioning , anion diffusion by isotopic exchange ,

elect rical conductivity by ac and dc methods and the dipole relaxations by

ITC techniques.

Many of the goals of this project have been successfully achieved. The

result s of these investigations have established that the defect structure

in this system is Schottky type and cations migrate by a vacancy mechanism.

The thermodynamic parameters for the defect formation and migration are now

well establi shed . ITC results have led to significant observations on the

relaxation modes of the impurity-vacancy dipoles. Of considerable interest

is the anisotropy in charge and mass transport in directions parallel and

perpendicular directions due to the body-centered tetragonal structure of these

crystals. Some of these results are already published as listed at the end of

this section .

Reported here are the areas where significant strides have been made . The

theory of ionic defects in relation to the anisotropic structures of KN3 and

RbN3 have been developed and described in the earlier report.
3 The var iety of

techniques used for successful growth of excellent quality large single crystals

of 1O~3 and RbN3 and experimental methods of various precise measurements are

to be found in the above report . Only the results and some details of those

experiments which are not covered by the earlier report and journal publications

are presented . The following is a list of the personnel associated with this

project at various times, the dissertations, and the papers published in journals

and scientific conferences.
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II .  DIFFUSION

A. Diffusion of Rb in RbN3

1. Results

The investigation of the diffusion of Rb~ is RbN3 was performed by

a tracer and serial sectioning technique. 3 Some of the resul ts are published

(Appendix-i) .

Typical penetration profiles are shown in Figures 1 through 4. They ,

in general , show three regions . In the upper region there is a large

scattering and upturn in these points. This is partly due to extra tracer

material on the surface which did not dissolve into the specimen , and partly

due to the misalignment of the specimen during microtoine-sectioning . Though

a exacting procedure was followed to align the specimens with 25 meter long

optical lever, some misalignment still persisted as 1 u r n  thin sections were

taken due to the small diffusity of the cations . Tables I and 2 show the

misalignment errors estimated according to the equation developed by Shim

et. al. 4

The middle region in the penetration plots is a linear section which is

a result of the bulk diffusion process. The experimental conditions correspond

to the “thin-film” solution of the diffusion equation :

C 2
C(x,t) ° exp C ~~~~

— ) (1)
2~~~~ 

4t

where , C(x ,t) is the concentration of the tracer at. a penetration depth “x”

from the active surface for a diffusion anneal time “t”, C0 is the total amount

J
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Table 1

Misalignment Error for Diffusion of Rb° in RbN3 Parallel to the
• c-axis

Temperatur e p s Misalignment Error

°C pm pm

276.5 12.2 4 •l .8
266.5 10.6 3 1.3

255.7 10.9 7 6.9

24 9.2 23.7 13 5.0
244.9 8.74 3 2. 0
240.3 8.14 1 0.3
232.1 13.9 3 0.8

228.7 16.9 8 3.7
224.3 8.80 3 1.9

216.2 13.2 7 4.7

Table 2

Misalignment Error for Diffusion of Rb* in RbN3 Perpendicular to the

c-axis

Temperature p s Misalignment Error

°c pm -
~~~~~~~~~

274.2 8.24 3 2.2

270.7 7.12 2 1.3
264.2 6.57 3 3.5
255.7 6.12 1 0.4
249.8 9.16 2 1.2
240.3 5.22 2 2.4
224.2 7.84 4 6.4

L. - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
-

---
~~~~~~~~~~ I



—

14
Table 3

Diffusion of Rb° in RbN 3 Parallel to the c-axis

Temperature Time D
°C Sec ca2/ Sec

276.5 5.19 x l0~ 7.23 x 10~~
2

266.5 7.34 x lO~ 3.88 x i0~~2

255.7 9.04 x l0~ 3.29 x l0~~2
249.2 8.15 x l0~ 1.77 x io~l2

244.9 6.08 x l0~ 3.14 x 10-13

240.3 1.71 x 10~ 9.72 x 10-13

232.1 7.69 x l0~ 6.36 x 10-13

228.7 2.12 x io6 3.38 x io~~
3

224.3 6.33 x l0~ 3.07 x

216.2 2.13 x 106 2.05 x l0 13

Table 4

Diffusion of Rb* in RbN3 Perpendicular to the c-axis

Temperature Time D
°C Sec cm2/sec

274.2 8.02 x l0~ 2.12 x l0~12

270.7 5.87 x l0~ 2.16 x l0 12

264.2 8.77 x l0~ 1.23 x io42

255.7 - 9.04 x l0~ 1.04 x 10 12

249.8 3.48 x l0~ 6.04 x
240.3 3.46 x l0~ 1.98 x l0~~
224.2 1.21 x 106 1.27 x 10-13

____ ____________ ~~~~~~~~~~ _ 
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of tracer placed on the surface and D is the diffusion coefficient of the

tracer. A least square fit of the data was used to extract the D values.

These are displayed in Tables 3 and 4.

For most samples, the penetration plots have a third region (in the

deeper sections of the specimens) which show considerable scatter. The

trailing-off of the penetration profiles are believed to be due to the en-

hanced diffusion along dislocations or other shor-circuit paths. Surface

diffusion had been eliminated as the sides of the samples were well polished

after the diffusion anneal.

2. Discussion

The anistropy of the self diffusion of Rb in RbN3 is seen in Fig. 5

(Appendix I) and is adequately discussed in the paper. Indeed, this is an

• important demonstration of the effect of correlation factor on the mass and

charge transport in an anisotropic ionic crystal , such as RbN3 -- a rare

example among the ionic solids. It is interesting to note that the higher
4

diffusivity of the Rb ions along the c-axis in contrast to that in the

perpendicular direction is not due to the difference of the activation

enthalpies of motion in the two directions but due to the difference of

attempt frequencies and the entropy values.

The temperature dependence of the correlation functions in an anisotropfr

crystal can cause an error in the determined activation enthalpies form Fig. S

(Appendix 1). The temperature dependence of correlation factors, estimated

fro. our data is seen in Pig. 5. The correction for activation enthalpy
*

may be determined from a ~‘1ot of log[D (T)/f] versus l/T. The modified

diffusion parameters obtained are:

- ___ _ t_-?_ —  - — - - -
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H = 1.41 + 0.07 eV , DC/f 82 — 295 cin2/s

(2)

Ha = 1.45 + 0.13 eV , D / f ~~ = 61 cm2/s

Since the charge and mass transport in a ionic solid take place by the

same defect species they are correlated . For a single mobile species in a

isotropic ionic crystal this is governed by the Nernst-Einstein equation :

*D KTa
.j~. _ a f , D0~~~~—~-.- (3)

a e N

where D* 
= the tracer diffusivity, f = correlation factor , a = conductivity,

T temperature , N number of ions per unit volume , K is bolt zm an constant ,

and e is the electronic charge . The electrical conductivity for RbN 3 in

directions parallel and perpendicular to c-axis as reported3 already can

now be compared with the diffusivities of the cations in the two directions

using eq. (3). As discussed in the paper (Appendix 1), a good agreement was

obtained in a direction parallel to c-axis. Fig. 6 shows such a comparison

in a direction perpendicul ar to the c-axis. The rapid turn down of points

D ID 0 at higher temperatures indicate a contribut ion to the conductivity due

to some other mechanism in addition to that due to single cation vacancies.

The most likely candidates are the anions and divacancies. This speculation

needs to be tested by a measurement of the anion diffusivity.

B. Diffusion of Ag
4
~ in RbN ç

1. Results
*

Penetration profiles for the diffusion of Ag tracer along the c-axis 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~ _ - 
-
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in RbN 3 at temperatures 220 , 269 and 275°C are displayed in Figures 7 through

9. Following the same rationale as in section A the diffusivities were

determined by a least square fit (Table 5). Fig. 10 shows the temperature

dependence of the diffusivity of Ag’ in RbN 3 in the range 220°C - 275°C.

The uncertainty in the temperature measurement for the data point at

240°C is shown by an error bar parallel to the temperature axis. The

temperature for this run drifted from 236°C to 240°C due to some unknown

artifact . The diffusion parameters obtained are

H = 1.76 + 0.07 eV

= 1.14 x l0~ cm2/s (excluding 240 data point) (4)

= 1.77 + 0.08 eV

D~ = 1.50 x l0~ cm2 Is (including 240 data point) (5)

2. Discussion

Thus , we find that the activation enthalpy for the diffusion of Ag’ ion

(1.26 ~ ) is larger than that of Rb ’ (1.48 g 
~~~
. This is not unexpected.

It is interesting to observe that Fredericks’ recent review5 of the size

effect of the monovalent cation impurities in the monovalent lattice of 
-

alkali halides show a general trend that ions with smaller size need a larger

activation enthalpy of motion. Recently Batra and Slifkin6 reported that Hm

for Na4 diffusion in AgC1 is 0.5 eV compared to 0.3 eV for vacancy diffusion

of Ag’ though ionic radii are 0.97 and 1.26 g respectively.
As r’oted before the consistent appearance of a long “tail” or plateau
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Table 5. Diffusion of Ag*in RbN3 Along the C-Axis

Temperature Time D

(°C) (Sec) (cm 2/sec)

275.5 5.13 x io~ 7.58 x 10-12

268.9 6.39 x l0~ 5.12 x 10-12

249.6 1.73 x iO~ 1.53 x

240.3 4.29 x 1O~ 5.28 x lO~~

230.2 6.77 X lO~ 3.22 X 10-13

224.6 9.62 x l0~ 1.56 x ~~~~

220.6 2.08 x 106 1.14 x io 13

Table 6. Diffusion Coefficients of Ag*in RbN3 for the Short CircuitPaths

Temperature D

(°C) (cm2lsec)

268.9 2.14 x 10-11

249 ,6 9.85 x io42

245 .3 2.1 x lO 12

240.3 1.23 x i0~~2

230.2 7.50 x io l3

-
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in the penetration profile is not a characteristic of the bulk diffusion.

It appears that surface diffusion is ruled out as, after the diffusion anneal,

enough material from the side surfaces were polished off. This leaves only

one candidate as a contributing factor for this behavior -- the short circuit
diffusion along dislocation pipes. The density of the dislocations in the as

grown crystals is found to be about l06/cm2. The pipe diffusion coefficients

estimated from the penetration profiles are approximate and listed in Table 6.

C. Diff usion of Ag’ in KN3

Anisotropy in the ionic transport in KN3 is being investigated by studying

the diffusion of Ag’ ion in KN3. The short half-life K isotope is not suitable

for such tracer diffusion studies. Being a homovalent cation in KN3 crystal, a

low concentration of Ag’ ions are not expected to affect the intrinsic behavior

of the system.

Since the melt-grown KN3 single crystals grow in different orientations

with the c-axis, two specimens with different orientations are diffusion

annealed simultaneously under identical conditions. D~~ and D~~, diffusivities

parallel and perpendicular to the c-axis respectively, are obtained by solving

the equations:

— D,~ sin2O1 + D~~cos
2
61

— D~~sin
2$2 + D

~~
cos2e2

where D1 is the diffusivity of Ag
’ for a specimen with diffusion direction

oriented at an angle ~ and D2 is the corresponding quantity for an orientation
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Only the preliminary results of some experiments are available. Typical

penetration profiles for such a simultaneous run at 257.6°C for specimens with

01 = 68° and 02 = 770 are seen in Fig. 11 and Fig. 12. The corresponding

diffusion coefficients are

= 1.6 x io 1
~
2 cm2/sec, D2 = 2.8 x io

_12 
cm2fsec

This will indicate that diffusion in a direction parallel to the c-axis is

slower. This is in contrast to the observations about the anisotropic diffusion

in RbN3. However any further comment should wait until these experiments at

different temperatures are completed.

D. Anion Diffusion in KN~ and RbN,~

Experimental set-up for the anion diffusion in KN3 and RbN3 by two different

techniques is almost completed and only some exploratory runs have been made.

A brief outline of these two techniques is given below .

1. Isotope Exchange

Isotope exchange technique is being used to study the diffusivity of

nitrogen which has only stable isotope N’5. If a KN~~ sample is annealed in a

capsule enriched with N15 isotope, N’5 will exchange with azide radicals and

these radicals will diffuse through the bulk of the crystals. Consequently two

things will happen: (1) there will be a depletion of N’5 in the capsule with

time and (2) the concentration of N’5 will decrease with distance into the

sample measured from the surface. This phenomenon depends on both exchange rate

and diffusion rate. But diffusion being the rate limiting process, the diffusion

coefficient can be estimated by measuring the total depletion of N’5 in the
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capsule, the rate of depletion of N~
5 with time and also from the penetration

profile of N~
5 within the crystal. The ratio of N15/N13 is measured by a

high resolution mass spectrometer.

One KN3 specimen in atmospheric pressure of N~
5 was capsuled and was kept

at 248°C for about seven days and compared with a control specimen at normal

atmosphere. The total decrease in N151N13 in the capsule was measured at the

end of the annealing period. The approximate diffusivity of N15 is estimated

to be about 2 x io
_12 cm2,~sec. This diffusivity is somewhat higher than the

corresponding cation diffusivity.

2. Tracer Diffusion of Impurity Anion

To take the advantage of tracer-sectioning technique, the designed

experiment will involve diffusion anneal of the KN3 and RbN3 specimens in the

gaseous atmosphere of radioactive i125 (60 days half-life). Diffusion will

proceed through all the 6 surfaces of the cubic samples. The specimens will

have 4 surfaces parallel to c-axis and 2 surfaces perpendicular to the c-axis.

Instead of microtoming, thin sections will be taken by a suitable etchant (a

60-40 ethyl ether and ethyl alcohol mixture etches away .1 m depth in 20 minutes

reproducibly). The etched solution will be assayed for radioactivity. Thus

two specimens of different dimensions, diffusion annealed at the same temperature,

will yield the anion diffusivity in directions along and perpendicular to the

c-axis.

Also a number of other important parameters could be obtained from the

solution of the diffusion equation under the present boundary conditions:

C(x,t) - ~.2. [erfc ( ~~~~~ ) + exp( ~~~~~~
. )erfc ( 

~~~ 
)]
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where C(x,t) Concentration of the diffusant at a depth x, after a

diffusion time t

v = Velocity of the receeding boundary if thermal decomposition at

high temperature is not negligible

c
0 

= Solubility of iodine in KN3. It will involve the Gibb ’s free

energy 
~ 

for the solid solution of iodine in the azide sample.

Thus this approach is expected to yield valuable information about the

decomposition rate at high temperature and the solubility of the anion in

addition to the diffusivities of anion along and perpendicular to the c-axis. 

-~--: - - - ~~~~~~~~~~~~~ 
-
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III. IONIC ThER?40-CURRENT (ITC)

A. Theory

In any ionic crystal, doped with an aliovalent impurity, a certain

number of vacancies will be bound to the impurity ions by electrostatic

attraction, thus, forming dipoles. By using the technique of ionic thermo-

current (ITC), one is able to obtain information about the kinetics of these

dipoles. Briefly an ITC experiment involves the following steps:

(1) The sample is first polarized in a static electric field for

a time ti,, at a temperature T~. E~. t~ ai~d T~ are so chosen that

a significant number of dipoles are aligned with the field .

(2) The sample is then rapidly cooled to a temperature T0 so that the

aligned dipoles are frozen. The polarizing field is then removed.

(3) The sample is subsequently warmed up at a constant rate b and the

depolarizing current is monitored as a function of temperature.

The depolarizing current density 5(T) is given by
7

2N P e E E (~

_ 
T E

5 (T) = 

kT~ r 0 
exp (- 

~~~~~ ) 
exp 

L ~~~ 
‘T0 

exp (- ) dTj (6)

where N0 = Total number of dipoles per unit volume

P Dipole moment of the impurity dipole

K - Boltzman Constant

E - Activation enthalpy for the relaxation of the dipoles.

Relaxation time r(T) = t0e~~
l
~
T; a first order process for the depolarization

is assumed, i.e., dP 1

LI1~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - -
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Fig. 13 shows the predicted ITC current as a function of temperature in

accordance with eq. (6) . The relaxat ion parameters (E and t
0

) were obtained

by several different methods in our study from such ITC profiles :

(1) Since there is “current peak” at a temperature T~ , the partial

derivative of j (T) will be zero . This leads to a relation

E 1 -E/kT— f - —  e m (7)
kT br

in o

Thus a plot of ln (T~/b) vs. i/Tm yields E and

(2) For T << the factor in the square bracket of eq. (6)

approximate to zero and consequently

5(t) = ~~— e
_E
~~
T (8)

A plot of in [5(T)] versus yields a straight line of slope -Elk ,

but can not be directly determined .

(3) The third method uses the fact that at the time of heating the

total polarization, P, left in the sample is the area under the

i vs. T curve up to temperature T, i.e. P(T) 
~ 

j(T’)dT’. One

then obtains

in to + = in 
[J~ 

i(Tt)dT’
J 

- in [5 (T)] (9)

The right-hand side of the equation is obtained graphically

and plotted against inverse temperature. t~, and E are obtained

from the intercept and the slope respectively.

(4) An additional method, which is more satisfactory and widely used

by us, is to fit the experimental data to the theoretical equation
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directly using a computer program and thus obtain the best values

o f E a n d T .0

B. Experimental

1. Apparatus

Figure 14 shows the schematic of the cryostat , built for ITC . measurements.

It consist s of two chambers which can be separately evacuated or filled with

an inert gas . Inside the inner chamber is a heater can which is noninductively

wound.

A platform inside the heater can contains the~ bottom copper electrode ,

a diode sensor for heater control and a thermocouple which is attached with

insulating varrish to the bottom electrode . All the leads inside the heater,

except the top electrode, are routed through copper tubing and out through a

vacuum feed-thru.

The top electrode is a small diameter copper wire wh~cn is fed through

.05 inch diameter stainless steel tubin1~ for support. The stainless steel

tubing is held in place by a sapphire disk supplied by Keithly. The sapphire

disk also keeps the op electrode electrically separated from the walls of

the cryostat. At the top of the stainless steel tubing, the copper wire is

connected to a sapphire vacuum feed-thru . The heater connection s are routed

through vacuum port so that the sample would be shielded from its electrical

fluctuation .

The temperature was measured by connecting a digital potentiometer to

the thermocouple. The reference junction of the thermocouple was placed in

a liquid nitrogen bath . The current was measured by a Keithley 640 Vibrating

~

- --- - - -- - --- ~~~ -
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Reed Elec trometer which has the capability of measuring currents of io~~6 
~~~~

The electrometer is connected to the top electrode through its separate head .

The linear output of the electrometer was used to drive one pen of a dual pen

strip chart recorder. The other pen was used to record the temperature .

The heater is controlled by a solid state controller built after the

design of Mann ing8, with some modifications to allow for the different

resi stance of this heater. The controller , besides holding the temperature,

is capable of increasing the temperature at a linear rate.

2. Sample Preparat ion

One RbN3 and five KN 3 samples doped with variou s impurities were used for

ITC measurements. All the samples were grown from solu tion by adding chloride

salts of the desi red dopants to the saturated solutions of RbN 3 or KN3. A

spectrochemical analysis , performed by Jarrell-Ash Company , showed that the

concentration of the respective dopants in RbN 3 :Ba , KN 3 :Cu , KN3 :Ca , and

KN3 :Ni was 0.01% -. 0.1%. The concentration of Co in KN3:Co was higher, 0.1-1%.

The KN 3 :Pb sample is also believed to have impurity content of the order of

0.01% + 0.1% since it was grown in the same way . This sample was not sent

for analysis to Jarrell-Ash Company and an attempt to determine the impurity

content by polarographic method in our lab failed .

For electrical contacts two sides with larger surface areas of the

polished samples were coated with high purity silver paint . A piece of mylar

was then attached to each side, and then its surface was also coated with

silver paint. After cutting the mylar to a rough shape of the sample, the

sample was mounted to the bottom electrode using silver paint for a good

electrical connection and mechanical stability. The top electrode was then 

— -- - - - .4
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silver painted to the top of the sample and all the cans were sealed and

both chambers evacuated.

3. Measurements

The top and bottom electrodes were electrically connected together and

the cryostat was placed in a dewar of liquid nitrogen. To remove any water

wh ich cou ld be present in or on the sample, the temperature of the inner

chamber was raised to 120°C while the chamber was still evacuated. After

about one hour the outer chamber was filled with helium gas, the heater was

turned off, and the sample was allowed to cool . Once the temperature dropped

below 0°C, a dc field was applied across the sample. To remove the possibility

of polarizing the sapphire disks, the top electrode and the outside of the

cryostat were connected together.

The inner chamber was now filled with helium and the sample was allowed

to cool rapidly until the temperature was about 100 K. The field was removed

and the outer chamber evacuated. The bottom electrode was grounded to the

cryos-tat and the electrometer was connected to the top electrode . The strip

chart recorder was tested and zeroed and the analogue output of the electrometer

was connected so as to drive one of the pens. The heater was set for a fast

rate, 0.3 K/sec. so that the temperature could be swept quickly in order to

find any peaks that were present. If no peak was found then the temperature

at which the field was applied (polarizing temperature, T~) was raised until

one was found.

After a peak was located, several passes were run without changing any

variable to check on its reproducibility. Once its reproducibility was

established , the polarizing temperature was changed to temperatures above and

___________ 
J
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below the temperature where the maximum current occurred (Ta) to see if the

curve shift ed with the polarizing temperature.

Once it was justified that was independent of the polarizing

temperature, then different fields were applied. This resulted in larger

peaks occurring for the higher fields. The rate of heating was also varied

to find out if a faster rate resulted in the peak shifting to a higher

temperature. All these checks were run so as to ascertain reproducibility

and to establish that the peak observed was actually a true ITC peak and not

a space charge or a surface response causing the peak.

4. Dat a Analysis

and E, relaxation parameters for the relaxation process of the dipole

orientations were obtained in accordance with equations (7), (8), (9). As

mentioned earlier more satisfactory results were obtained by a computer fit of

the experimental points to the equation (6). The program employed uses the

least squares fitting technique of minimizing the squares of the deviations:

2 2
d Z [i.(exp)—i .(cal)]

j = l  ~

where

n = the number of data points

i
5

(cal) • the current calculated from the ITC equation for the

temperature of the 5
th point

i
5

(exp) = the measured current

d - the deviation

There are three parameters to be fit, t
0
, P0 and F. This is reduced to two

parameters P0 and E by using the equation (7). The value of T
~ 

is varied

- - - - — — - —  -- - - - —-  -— - -- ~~~~~~~~~~~~~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~—- --
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over its small temperature range until the best fit is obtained.

C. Results

ITC runs of all the differently doped samples showed the same general

behavior: a single peak which was independent of the polarizing temperature,

and another one at a higher temperature which would shift with the polarizing

temperature. Upon applying different fields to all of the samples, the peak

which was independent of T~. exhibited a direct dependence on the magnitude

of the polarizing field. When a second check was applied, that is, changing

the rate of heating b, it was found that the peak would shift to a higher

temperature for a faster rate. Since the maximum temperature of the peak was

independent of the polarizing temperature T~1 the peak is not due to space

charge effects, but due to a thermally stimulated depolarization process.

The peaks were analyzed assuming first order kinetics and good fits were

obtained.

The data and the calculated fits are shown in Figures 15 through 20. The

boxes are the experimentally determined points and the line is the calculated

fit. The vertical scale is found by taking the logarithm of the ratio of the

current for each point to the maximum current. It should be noted that the

current for all the samples ranged from 2 x ~~~~ to 7 x io~~
2 
~~~s. The

results of the least squares analysis are shown in Table 7.

Excellent fits were obtained for Cu~
2 in KN3 and Ba

’2 in RbN3. It was

possible in these cases to separate the upper T~ dependent peak from the ITC

peak especially in the RbN3 samples. The values of and E seem very reasonable

for both samples. 

- - - --- --- - - 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~ --- -- - - - - - -
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A good fit was obtained for calcium , lead , and nickel doped KN 3. The

calcium doped KN 3 curve does have a rather large deviation from the calculated

line at high temperatures. This is due to a large T~ dependent peak which

could not be totally removed from the region where the ITC peak occurs .

Therefore , the current did not return to zero at the hi gh temperature edge .

For lead doped KN 3 the fit is reasonably good . The curve did return to

around zero on the high temperature edge. The f~t which was found for

nickel doped KN 3 does not seem to be as good a fit when compared to the other

results. This peak was very broad for this temperature range . It is possible

that the upper T~ dependent peak was interferr ing, but this upper peak was

not visible in this sample. Also , the current did return to zero at the

higher temperatures. The values of .49 eV for the depolarization energy and

1.07 x io
_6 

sec for the relaxation time do not seem as reasonable , when

compared to the values obtained for the previous dopants.

Even though the fit  for cobalt doped KN 3 is not bad , the values of

1.45 eV and 3 x lO 38 sec for E and t seem unreasonable. This curve is
0

extremely sharp and was not found until  the field was applied within + 2°K of

its Tm~ The peak was also found when the field was applied at a higher

temperature and the temperature lowered to below Tm~ 
but it was much smaller

in amplitude . Several runs were made to try and broaden the peak by using

different rates but the number of points derivable from the data is still

small for the 5°C temperature range . Therefore these value s could be uncertain

due to statistical errors using the least squares fit. Also , it was found that

the concentration of Co-doped crystals was at least 10 times higher than those

of other doped crystals, a factor that may contribute to complex kinetics

giving rise to uncertainties.

- -
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It wil l  be worthwhile to record an observation the origin of which is

uncertain. Even without application of the field a dual peak occurred

around 226 K in pure and doped KN3. The positive peak begins first and is

small (lO
_l4 

amps) and the negative peak is larger (3 x l0~~) for one sample.

This almost looks like the self polarization peak seen by Taylor9 in

Ammonium halides at the low temperature phase transition. But no phase

transition for KN
3 
at low temperature is reported . Regular ITC of all these

samples were stud ied by application of an electric field.

D. Discussion

The relaxation parameters (Table 7) are quite reasonable and are of the

same order as one gets for impurity-vacancy relaxation in other ionic systems .

For example, in case of CaF2 system relaxation times of the order of io
_8 

to

lO
_19 

have been reported by Kitts.10 The rela xation parameters for Co-doped

samples are unusual , but as noted before they are also suspects of uncertainty .

Disregarding this case, an interesting size effect can be seen for the dopants

by comparing their ionic radii with the best fit obtained for the relaxation

times and energies (Table 8). As ionic radius of the impurity increases the

activation enthal py for the relaxation modes of the impurity di poles mono-

tonically increases, but decreases correspondingly. Thus the dipolar relax-

ation rate increases with the decreasing size of impurity ions. As noted

before, the other significant observation of single ITC peaks in samples doped

with these impurities not only implies that only nearest-neighbor vacancy-

impurity complexes are formed but each of them has a single relaxation mode.

The extensive studies of the dielectric relaxation in NaCl by Dreyfus~~ have

__________________ __________
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TABLE 8. Rela xation Modes of Impurity Di poles in KN 3 .

Dopant Ionic Radii

(g) (sec) (eV)

Pb~
2 1.21 2.18 x ~~~20 .0.88

Ca~
2 0.99 4.86 x io~~

2 0.77

Cu~
2 0.92 2.54 x io~~2 0.70

Co~
2 0.72 3.01 x io

_38 1.45

Ni~
2 0.49 1.07 x l0 6 0.49

- ii~:-i --
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led to similar conclusions .

The reorientation of the impurity-vacancy dipoles can be understood in

terms of the various j ump frequencies of the impurity ions and host ions with

the vacancies. If we neg lect the anistropy of KN 3 st ructure which is nearly

cubic the followi ng jump frequencies are involved in the orientational changes

in the nea rest neighbor impurity-vacancy dipoles :

= n .n  -~ n.n; jump frequency of the nearest nei ghbor (n .n)  host

ion to the n . n  vacancy

= Direct interchange j ump between the impurity ion and n . n  vacancy

= n.n .n  -~~ n . n ;  j ump frequency of the nex t nearest nei ghbor (n.n.n)

vacancy with n .n  host ion

= n.n -, n .n .n ;  j ump frequency of the n .n  vacancy with n .n . n  host

ion

In KN 3 and RbN 3, as in almo st all  ionic systems , 
~ 2 is the slowest and is the

rate limiting frequency for impurity diffusion . The reorientation of the

impurity-vacancy associated pair , then , can be achieved in two ways :

(1) A sing le w1 j~~p

or (2) A w4 ju mp followed by a w3 jump

For both these possibilities, a simple argument will  indicate that host ions

in general will need more energy to make reorientation jumps in the neighborhood

of an impurity with larger ionic radius due to the polarizability and coulomb

fields. In case of NaCl Dreyfus11 concluded that > >> to explain the

single mode of dipolar relaxation and the size effect of the impurity ions. It

appears that similar mechanism is involved for the dipolar relaxation in KN3
and RbN3. 

-
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However , for the anistropic structure of our system a large number of

jump frequencies are involved due to the possibility of non-equivalent j umps

along and perpendicular to the c-axis. A model calculation is being developed

to understand the role of anisotropy on the relaxation processes. It will be

interesting to see whether the fact that motion enthalp ies (fo r w 2 ) are almost

same in direction parallel and perpendicular to the c-axis (Appendix-i) is

an indication that the anisotropy in other jump frequencies is also smal l enough

to predict single mode of relaxation.

I

- 1  

_ _ _ _ _ _ _  

_ _ _  
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IV. CONDUCTIVITY IN RbN3

The investigation of the conductivity of RbN . was undertaken to extend

the temperature range of our earlier study 3 and to determine the conductivity

profile of the crystals from the same batch used for diffusion studies. These

measurements were performed as before with an ac field of 1 kflz to prevent

any modulation effects which space charge in dc measurements can produce.

This led to some unexpected and interesting observations. These were pursued

in detail by studying the dc conductivity and the frequency effect on the ac

conductivity.

A. AC Conductivity (1 kHz)

The apparatus and the general procedure for conductivity measurements

are described in the earlier report3 and Wagner’s thesis. Several measurements

at 1 kHz were made by measuring the conductivity of the specimens while

warming up from room temperature to about 255°C and then during cooling cycle.

The specimen temperature was raised by 5 to 10°C at a step and about half

hour to one hour waiting period to reach thermal equilibrium was allowed before

making a measurement. Fig. 21 is the conductivity profile of such a typical

static run. These results are essentially similar to Wagner’s. The noteworthy

features of these runs are:

(1) the first heating run on each sample showed lots of structure,

but the bumps seen by Denemar’2 in most of his runs for KN3 are

absent .

(2) the cooling run shows very l i t t le  structure and two regions are

observed which are believed to be the extrinsic and intrinsic

regions . 
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Figure 21. Arrheniua Plot of RbN3 Conductivity, Static
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(3) subsequent heating runs on the same sample result in the

same type curve as in the cooling run . Since RbN 3 is

hygroscopic and the samples are cut from bulk crystals using

a water solvent string saw , it is possible that during the

fi rst heating run the samples experienced a drying out effect .

A thermal annealing process may also take place , resulting in

thi s improved performance . 
-

(4) there is still some hysteresis present between heating and

cooling runs, expecially for samples which are taken to

temperatures above 255°C.

Besides the static runs, several “dynamic” runs were performed where the

temperature was increased or decreased continuously be using a programmable

temperature controller. The average rate of temperature change was about 15°C

per hour. Measurements were taken and recorded approximately every degree.

The results of a dynamic a .c. conductivity run are shown in Fig. 22. It

is observed that the profile is better defined due to the large amount of

data. Hysteresis effect is also much smaller. The possible reason for the

improved results could be that the total time the sample is held at temperatures

above 210°C is shorter. During static runs the sample temperature is raised

by five degrees and held for about one hour. Whereas for the dynamic run the

rate of heating is 15°C per hour. The increased time at higher temperature

could result in some decomposition at very high temperatures and the possibility

of electrolytic action from Ag diffusing from the Ag electrodes, may cause

some uncertainty as observed by Abbink’3 in his study of a in AgC1.

The high temperature region for the plot of log aT versus l/T is

believed to be exhibiting intrinsic behavior, and yields an activation energy

1.65 eV for a total of eight runs.
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Almost all the static runs showed a two segmented Arrhenius plot,

whereas under dynamic conditions the plots are smoother. The activation

enthalpy for this lower segment yields a value between - 5 and .7 eV. If

one identifies the lower segment as the extrinsic region due to the background

impurities, then the average activation enthalpy (.6 eV) should correspond to

the activation enthalpy of motion This value is in the range of what

Wagner found earlier, but must be taken with caution due to the observations

in the following section.

B. Frequency Dependence of Conductivity

Since the temperature range of the present investigations was extended

to much lower temperature, it was decided to check the frequency dependence

of the conductivity, though earlier work did not show any appreciable effect .

The results for one sample are seen in Fig. 23. The “plateau” seen for 1 kflz is

significantly raised for 10 kHz at low temperature.

Such frequency effect arises from the response of impurity vacancy dipoles

to the ac field. If one considers the effect of the alternating field on the

reorientation of the dipoles, one is led to a “Debye type loss peak” which has

been explicitly worked out be Lidiard~
4. He finds that, for a NaCl structure

with a single species of nn dipoles

8,T a2e2 N P Ei I WTt an6 — — 
2 23Ek T L 1 + w t  
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Figure 23. Arrhenius Plot of AC Conductivity in RbN3at 1 and 10 kHz. 

~~~~~~~~~~~~



58

2 2  2 2 .2a e N . P w r
3k 2 21 ~~~~~~

1-r 2w 1 +

where

a = the lattice spacing ,

N. the number of impurity ions per unit volume ,

P = the degree of association which is temperature dependent ,

w = the frequency of the applied field,

6 = the phase angle,

the jump frequency for a vacancy from an nn site of an impurity

to another nn site

~2 = the jump frequency for the direct interchange of a vacancy and

in impurity.

This leads to:

1. a dielectric loss, tan 45, which is governed by

Thus a Debye peak occurs when w t in a plot of
1 +~~~~~~-~

log (tan 45) versus log w~
2. a bump or peak in a graph of the log (tan 6) versus T;

3. a broad bump in a graph of the log aT versus 4.

This could be the reason for the “plateau” which is found in some of

these “pure” crystals since they contain various aliovalent impurities of the

order of 50 ppm. The combination of these different Debye peaks could result

in the “plateau” seen . The “plateau” observed also shows the right trend in 

-——— 
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in that at higher frequencies the “p lat eau” moves up to higher temperatures ,

which follows from the condition that wr = 1.

From ITC measurements , the val ue of the relaxation parameters of a 8a~
2

doped RbN 3 sample have been determined , (r 0 = 1.3 x io~~
2 
sec and E = .68 eV) .

Using the above values for a 1 kHz ac field a Debye peak is expected in the

region below 100°C. If one assumes that many of the background impurities have

relaxation parameters comparable to those obtained for barium, then the

combination of all their peaks could result in the observed “plateau.”

C. DC Conductivity

To stay away from such effects caused by an ac field , dc conductivity

measurements were performed on the same samples. The conductivity rig was

modified so that ac and dc conductivity measurements could be carried out

simultaneously. After a sample was mounted a 22.5 volt mercury battery and

Keithley 610-C electrometer were connected in series using shielded cables.

To the output of the electrometer, a digital voltmeter was connected for a

quick and accurate reading of the current. Fig. 24 shows such a heating run.

The pronounced “plateau” seen in the 10 kflz run is not evident in this case.

D. Discussion

Most conductivity measurements in ionic crystals are performed with

1 kHz ac fie1d~
4. This avoids the space charge effects in a dc measurement, —

but as the previous discussion show even the presence of “small” amount of

aliovalent impurities may give rise to a “plateau” due to the orientation

of the impurity-defect dipoles. The low temperature segment of the Arrhenius
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plots , thus may Contain two contributions : (1) enhanced conductivity due

to the mobility of the unassociated vacancies generated by the aliovalent

impurities (much greater than the concentration of thermal vacancies) and

(2) a “Debye loss peak” due to orientational effects of dipoles. The latter is

absent from a dc measurement of conductivity, but one has to be careful about

the space charge effects.

This is not much of a problem for some systems like alkali halides and

silver halides where the impurity content in pure crystal is less than 1 ppm.

The purest crystal of RbN3 has polyvalent impurity content of about 20 ppm.

So as a procedure the dc conductivity and ac conductivity at I kHz and 10 kHz

were measured simultaneously in several samples . The results of those “pure”

samples for which frequency dependence was not significant and dc conductivity

showed similar profiles were considered . The average of 4 such determinations

yield an activation enthalpy (H) of 1.71 eV in the intrinsic region and 0.68 eV

for the extrinsic region . The latter is the motion enthalpy (Hm) for the

cation vacancies. In the intrinsic region , H = HF/2 + H where HF is the

formation enthalpy of the Schottky defects. HF is then estimated to be

2.06 eV. These values are believed to be more well defined than these reported

earlier.

A systematic investigation of the effect of intential doping of divalent

impurities (of varying concentration) on the conductivity was not possible due

to the extreme difficulty in growing large enough doped crystals. Only a few

doped crystals were grown which were suitable for ITC measurements but not

for conductivity experiments.

—-—--- —~~~~~~~ - --— ~~~~~~~~~~~~~ — — -— -- --------- -~--- 
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V. SUMMARY

The aim of this project has been to investigate the crystalline defect

structure, their transport and the interactions between the defects and

chemical impurities in alkali azides. The results demonstrate that by

applying a closely coordinated effort in which solid state techniques , such

as the measurement of electrical conductivity, tracer diffusion , and ionic

thermocurrent (ITC) were employed , the basic knowledge of the solid state of

the materials as comple x as alkal i  azides can ue obtained . Also , the details

of the physical nature of these solids can be understood in the general

framework of Lidiard ’ s Theory 14 of ionic solids .

A major effo rt in this proj ect was to grow large and good quality sing le

crystals of a variety of alkali azides by a number of different techni ques.

Excellent quality single crystals of KN3 (5 cm long , about 2 cm dia) were

grown by Kyropolous technique and RbN3 crystals (2cm
3 dimension) by a special

evaporation technique. The crystals were characterized by x-ray studies. A

special ~...ching solution was developed to reveal the dislocation content of

6 2the as-grown crystals to be about 10 /cm -

Earlier study of the electrical conductivity has been supplemented by

measuring the conductivity in RbN 3 over a wider temperature range both by

ac and dc methods. This has established that dc conductivity reflects the

proper charge transport mechan ism as in ac methods a frequency effec t is

superposed due to the reorientation of the impurity-vacancy associated pairs.

The tracer diffusion of Rb ’ and Ag~ in RbN3 and Ag~ in KN3 (along with

earlier studies of K’ and Na in KN3) yielded cooperative data to unders tand 

— - - _
~
-_
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the details of ionic defects and their transport . The results of these

investigations have established that the defect structure in these systems

is Schottky type and the cations migrate by a vacancy mechanism. The

thermodynamic parameters for the formation and migration of defects are now

well established . Of considerable interest is the anisotropy in charge and

mass transport along and perpendicular to the c-axis in the body-centered

tetragonal structure of this system.

Impurity-defect interactions have been studied in both KN
3 and RbN3

doped with a number of divale nt ions by using the ITC technique. The analysis

of the relaxation time and the activation enthalpy indicate that impurity-

vacancy associated pairs reorient by a single relaxation mode . One of the

most significant findings of the ITC studies is that the relaxation rates

decrease as the ionic radius of the dopant increases, it is concluded that

the aliovalent impurities form dipolar complexes with the nearest neighbor

vacancies, they reorient by the interchange jumps of the vacancies with the

neighboring host ions. The decrease of relaxation rates with increasing

ionic sizes of the impurity is due to the polarizability and coulomb fields.

Thus , it is seen that solid state properties of the alkali azides are

very similar to those of a much simpler ionic system like NaCL which has

been extensively studied over many years.

Further work in several directions is warranted to complete our

understanding of the defect properties in this system and then to strive for

a correlation between these basic properties and the phenomena like fast

solid reactions which are cha racteristic to azides . In addition to the

efforts planned and continued in our laboratory, it has been possible to

_________ J
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develop collaborative work with the scientists of some other institutions .

These are indicated below :

1. The ITC measurements will be used extensively to study the impurity-defect

interactions in greater detail. The solubility and the precipitation

kineti cs of the dopants will  be monitored by the ITC measurements of

the highly doped and quenched specimens .

2. The planned anion diffu sion in this system will  complete the description

of ionic transport . It would be interesting to see whether the rap id

evolution of nitrogen duri ng thermal decomposition at hi gh temperature is

in anyway diffusion limited.

3. On going experiments on the study of anisotropic diffusion of Ag” in

KN 3 will  be an important supp lement to our observations on the role of

anistropy on the ionic transport in RbN 3.

4. The work of Dr. Sam Trevino , N.B.S. on the lattice vibrational modes of

KN3 and RbN 3 by neutron scattering technique will  help us to understand

the anisotrop ic properties in detail.

5. Dr. Larry Cain , now at Davidson College , N. C. has agreed to determine

the elastic constants of both KN 3 and RbN 3 by ultrasonic technique. It

will  be interesting to see whether the anistropy observed in the attemp t

frequencies (generally taken to be the Debye frequency) for the diffusion

along and perpendicular to the c-axis (Appendix-l) is supported by a

similar trend in the elastic modulii.

6. It is of great interest to compare the experimentally determined defect

parameters with the theoretically estimated values based on Mott-Littleton

type model calculation. Such extensive calculations are available for

systems like alkali halides. In contrast, there has been only one such 
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calculation in KN 3 by Danemar ’2 due to lack of data, To sharpen these

calculations in KN and extend the same to RbN.. , Prof. I. M. Boswarva3
of Imperal College, U. K. has undertaken the task using our data. He

will try to calculate the defect parameters by using the “I-fADES” program

of Harwell, a powerful technique recently developed to deal with non-cubic

systems.

7. In addition, Dr. W. Mallard of Georgia State University is exploring the

feasibility of using positron annihilation technique to study more details

of the defect properties of the azide crystals grown by us.

8. Some other workers have studied this system by solid state techniques which

have yielded many si gnificant results. Of particular interest is the

fi nding of Zakharov~
’5 and Royce 1’6 that the temperature dependence of the

gaseous decomposition products of KN 3 at hi gh temperature corresponds to the

activation enthal pies fo r the ionic transport. Indeed this has led to

Royce ’s conjecture that , at elevated temperature cations may arrive to

the surface , form a potassium island on the surface by capturing free electrons

and thus form the nucleus to initiate the decomposi tion process. Recent

theoretical and experimental work of Williams17 and Fair et a118 has led

to the understanding of the electronic states of azides and a very interesting

possibility of the initiation of fast reactions by the injections of electrons

and holes.

_ _  J
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IONIC DEFECTS AND THEiR TRANSPORT IN ~~~ AND RbN3 ( )  t

A. L LASKAR (~~), D. L FOSTER. and K. WAGNER
Department of Physics and Astronomy Clemson University,

Clemson, SC 29631, U. S. A.

____ — La conductivité it is diffusion due cation, dane R,bN, et KN, ant lee átudiEse. En
ce qut ~~~~~~ KN, l’cnthalpis d’acnvstion pour La formation di d~suts ast 1,60eV, it cells pour
Is migration 4. dlaut est 0.61 eV Ii long di I’axe c ; lea vaieszrs correspondamue dan, lee plans di
bss.saot l,óOeVee O,fleV . L’eethalpied’acrivation pour la dlmjsion du Na•dans KNiest 1.40eV
pour Is transport di Ia mass. I. long di l’axe c. L’enthslpie d’activation ftbN,. pour Is formanon di
dEfaut cit 1.50eV it cells pour Is ma~ azioc cit 0,76. Las enthslpi.s d’acuvauon pour Is diffusion 4.
ftb dans ftbN ,, parallels. it normals. I l’axs c sont espectivument 1.43 and 1,45 eV. La diffusrntE
Is long di l’azs r est itoh foes superisure I cell. dane Is direction normals. Cad indique Un. grands
diffleence dan, Is frëqueoee des seMis st/on dane Ii. notions d’entropies impliqulus dan. 1. ptoc~ aus
di déplacemem I. long due d.ux directions. Dana Iii daux cas. RbN~ it KN 1. II semble que is struc-
twi difectisauss cit dii type Sthonlcy ci qus Is.’ canons soot I.. pnncapsux transportesirs.

— The electrical conductivity and the diffinioo otations is KN3 and RbN, have been
studied. For KN3, the activation enthalpy for defect formation is 1.60 eV and that for the delCct
migration 1.0.61 .V along the c~axi.s; corresponding values in the basal plane, are 1.60 eV -~~o.72 .V. Th, activation enthalpy for th. Ma diffusion in KN , is 1.40 eV for the mass irampon
along the c-axis. For RbN,, activation enthelpy for defect formation is 2 .50 eV. and that f or the
migration ii 0.76 cv. The activation enthalpiea for the diMj sion of Rb in Rb M, parallel and nor-
mal to the c sxss are 2.43 and 2.45 eV rs.pectiwly. The difflaivity along th. c-axis is higher than
thet in the normal direction by a factor of three. This indicates large dlifference is the jump fri.
quunr’ and/or entropy terms involved in th. transport procees along the two directions. For both
ftbN, and KN ,, it appears that th. defect structure is Sdusssky type and the canons are the pruici-
~~~camers.

1. I~~edection. — The alkali andes are an inte- pellets. The elf-diffusion of potassium in KN3 in
resting family of compounds known as psendo-lsoildes the extrinsic range 1. also reported (~1.due to their strong ionic satiate like alkali halides. The present work was undettaken to grow and cha-
They have a bind gap of about 8ev (1]. These m ate- racterim large single crystals of KN3 and RbN, and
riais undergo photo decomposition and thermal to investigate their bulk transport properties by the
decomposition at high temperature but they do sot elecirlini conductivity and in st diffimion experi.
lead to explosive dndagrazion as in some heavy metal minis. Such studies could be used to help test and

extend defect models developed for the simpler ionic
Although the electronic and optical propen~s of solids to the more complex snide systems. Also the

asides have been extensively sr~died. these has been tetzqonal lattior structure of the azides provides a
very little work with reupect to the correlation of unique opportunity to study the role of anluotropy on
crystalline defects, their migration and interaction with the iowa transport
the bulk ptoperties pte.uutsbiy due to the nonsv~i- Many details of the e%j~~wentS and results are
lability of large sine single crystals. Reactions and rate pven elsewhere (8) and are to be published. The main
processes in solids are often diffusion limited. Patti- Ihetures of the results and their discussion axe presented
calady the decoutposition procass in the slkali asides here.
may be one of them (2]. So far, several smdie, of elec-
trical conductivity in KIf , have been reported [3-6]. 2. Experfmesfal. — Large single crystals used for
Most of theue studies wore with powdered samples or this work wore grown in the laboratory. KN3 crystals

wore grown by Cmbralsky technique and RbN3
( )  Weep siçporiad by AROD U5A grant 0 DA-31.I26. crystals wore grown from solution by evaporation (9].

72-0.120 sad DAIt C04.73’O-OlJO. The starting material had about 50 ppm divalent
t?~ P.rt of the ~~~~Isl ws. a~~o~~~~~~~~ J at ~~ ~~~~~~~~ imperftius. The dislocation content of such crystalsits dl~besoo dine lee mdhuus • St spoil- A ~~ ~~~. ~‘ ,  ~ ~.. -

eadmi., lime ~ .25. 1976, ~ 5~~~y tO i~~ a w 4  ~~ ICm ~, counting -

(~) Vlatiag ¶~-~~~ at SRMP. C. L N. 4. Seclay, Frame. pita.

- - --



68

C7-472 A. L 1.ASKAL D. L FOSTER AND K.. WAGNER

2.1 CoeiDuctiv!Ty. — For the measurement of
conductivity, samples were finely polished and subject-
ed to annealing at 250 °C in 1 torn of nitrogen. For
electrical contacts, both silver conductive paint and
graphite were found satisfactory. The a. a. couduc- •.
tiviry has been measured with the General Radio 4 •.capacitance bridge assembly in the frequency range 10

1-10 kHz~ The conductivity was measured in an inter-
vu of S or 20°C and a waiting period of about an
hour was allowed between measurements. I.

2.2 DLVTtJSiOM. — The diffUsion of cations in
XN, and ftbN , was studued byatracer and serial
sectioning technique. Few ~tCurie amount of the desir- p
ed radioisotope is placed on the microtomed surface
ot * well-annealed sample. The sample is then diffu- •
sian aim, Jid in nitrogen ~~~osphere for a stipulated 10-si
time. Tracer diffusion work in these systems pro~d to 3, 23 23
be exacting. The asides are very light and brittle maze- 10 i 7

riala whereas the diffusivizy of the canons is of the pm. ~.— Ajr~~~~ ploi oIcoo4*mivuy in KN~*ith ths apoilud
order of 10 ~ .10 ‘~ ama/s. A Jung rotary m3crotome ~ ld normal to the c-am.
was found satisfactory for I itne chick serial section-
lug. Sample alignment within ~am was achieved by

an optical lever arm of about 25 meters. A micro- 1.52 eV and 0.72 eV. These values are compared with
electrobsiance with a prension of 0.1 ~sgm was used the earlier results in the Table I. Theme is reasonable
cc weight the sections of having mass as low as 30 ~igrn. agreement between these minulis considering chat some

of the measurements ~~ e with powdered samples and
3. R~~~II and dii-~~ Ws. — 3~1 KN, : COItDtICTh pellets and without any preferred orientation. if the

VYTy. — The general nature of the temperature amivation enthalpy in the extrinsic region is taken to be
dependence of the conductivity while electric held is that for motion (H.), then the formation enthalpy for
applied normal the c-axis is represented in figure 1. the defects (H,) can be estimated from the expression
In repeated cycling the Arrbemuus plots during the 14-2 (H - !1). These values are listed also in
cooling cycles were reproducible but not those during Table L The di~Usion study of K in KN3 [7) seem to
the beating cycles for some runs. This does not seem establish that canons migrate via vacancies. Further, a
to be due to the electrodes but could be partly due to reasonable correspondence bctnvcn the experimentally
the absorption of moisture due to the hygroscopic obtained defect parameters and those from Dane-
nature of ICN3. mar’s (6] model calculation will indicate that the defect
The extrinsic repon for the conductivity seems to structure is Schotzky type and the catioss are the

start at about 200 oC. From a series of runs, for the principal carriers.
conductivity along the c-us, the activation enthalpis It i. noted that the anisocropy in the migration ener~
for the intrinsic and extrinsic regions are found to is about 0.1 eV. Using this value the anisotropy in
be 1.4 cv and 0.61 eV respectively. For the direction the self diffusion of canons can be estimated from
normal to the c-axis the corresponding valust are Mullen’s numerical calculations [10]. However, this

Pmuereters fo~ defter foimmic., ced m#,grwkes hu ICf, (xift.sio.i .mM~vi,s in eV)

Type of samples
References and measurement Orientation H, H H — 14/2 + H ,

(3) Pellet, D. C. conductivity 0.83 0.90 1.32
[4] Pellet and solution grown 1.28 0.79 1.43

D. C. conductivity
(51 Same 1.25 0.76 1.38
(6) Melt grows, A. C. conduc- C 11 1.7 0.7 Ii

tavity
Present work Melt grown, A C. conduc- C 11 1.60 0.61 1.41

deity
Present work Same C .1. 1.60 0.72 1.52

• ‘- - - - - -
~~~~~ ~~ •..- -~‘--.~.-~~~ ________
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can be compared with the experimental value available the uncertainty of the D value is high due to large
only at one temperature (7]. At 590 K, the experimen- misalignment and degradation of the surface. Omits-
cal value of D,jDc is 0.8. Using Mullen’s prescription ing this datum, a least square analysis yields the follow-
one estimates that DiJDc — 0.5, assuming that attempt ing parameters:
freq uency and entropy are sauce in both the directions.
This will indicate that these two factors also have some — 11.5 cm2/s and H — 1.40 eV.
anisotropy. This is in very good agreement with the defect
3.2 K.N, : Na DiffusioN. — The general nature parameters determined from the conductivity expe-

of penetration profile for the Na diffusion ~ K~4. 
riments (table I). Li is a further support that the

is seen in figure 2. The upturn near the surf ace i~ ~~ 
cations are the principal charge and mass carriers in
potassium azide and the defect structure is a Schot-

_ _ _ _ _ _ _ _ _ _ _  
tky type. -.

w
.

3.3 RbN 3 : coicocicrtvrr~. — The general nature
of the temperature dependence of the conductivity in
R.bN3 is seen in figure 4. The comments about the
conductivity of KN3 are applicable for RbN 3 also.

•
2 2 3 5~ 

I

10 •
•

Ftc. 2. — Penetration profile for Na° diffusion in KN , at
286 °C

•
.

~ ~~
.

Esent in all the diffusion runs. Slight degradation of the —

surface and misaligned cuts may have caused this
upturn at least in some cases. The usual correction
for misalignment was applied. For some low tempe-

•rature diffUsion runs the linear segment of the penn- •

tration plot was followed by a tail due to the diffusion
via short-circuit paths. Figure 3 represents the Arrhe- 

- . - _. -

nina dependence of the diffusivitics of sodium in IC 2’ 2.3 25

potassium azide. At the highest temperature (298 °C),
Fm. 4. — Arthsnius plot o( coeductivity in R bN3 with the

applied ~Jd parallel to the c-san.
iQ h1

The intrinsic region of conductivity extends from
about 210 °C-260 °C. From several such runs for the

\ 

conductivity parallel to the c-uis the following acti-
vation enthalpies were estimated : 151 eV for the
intrinsic range and 076 eV for the extrinsic range. if

~? io~ the lattet value is taken as the enthalpy of motion (pie-
E sumably for the casions, as will be supported by theU

diffusion results), then the formation enthalpy of the
defects is estimated as 1.5 eV. A comparison of these
numbers with Danemar s (6) values from a model
calculation will indicate that the defect structure in
RbN 3 is also Schouky type and the cations are the

_________________ principal mobile charge carriers. Furthermore, an
10 isO 1~O activation enthalpy of migration as high as 0.76 eV

1000/7 ~~ will correspond to the migration of cations by a vacancy
Fm. ). — Iffus4Os of Na in KN, slant the c-axis. mechanism.

- -
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The defect parameters could not be determined with tivity study is 1.51 eV and thus very close to the value
certainty from the study of the conductivity in a direc- obtained from the diffusion study. It supports the
tion normal to the c-axis. In some runs a peak was view that the cations are responsible for both change
observed in the intrinsic range. The activation enthal- and mass t ransport.
pies in a direction normal to the c-axis were higher by
0.1.0.2 eV. and reproducibility was poor. 3.5 RbN 3 : ANISOTROPY. — Alkali andes like KN3

and RbN 3 have body.centered tatragonal lattice
3.4 Rb~4 3 : Rb’ DirrussoN. — The diffusion of structure. In general, the defect parameters are expect-

Rb’ in RbN 3 has been measured both in the direc- ed to be different for directions parallel and perpen-
tions parallel and perpendicular to the c-axis in the dicuiar tn the c-axis due to the anisotropic crystal
temperature range 216-276 °C. Figure 5 represents the structure. If the cations were the principal mobile
data. The narrow temperature range of this study is species following a single mechanism, then the conduc-

tivity and diffusion results ~çould be compared in a

~o
u14 straightforward way. Since the conductivity results in

the direction normal to the c-axis is less well defined,
an attempt has been made to analyze the role of am-
sotropy from the di~ j sion data alone.

\ \
O Mullen [10] has treated the anisotropic diffusion by

~~ 
vacancy mechanism for a tetragonal lattice. While the

— cations are moving along the basal plane by exchange
è\ • - 

lattice jumps with vacant lattice sites (v~) there is also
O.12-

~ \ \ a finite probability that the ions will also jump out of
the basal plane in the c-direction with a jump fm-

- \ \ quency (v(.). To deal with such coupled jumps he

•\ o’~ introduced correlation functions f ~~~ 
for the bual

\ \ plane and f ~~~ 
for the normal plane containing the

• ‘9 c-axis. The diffusion coefficients are then given by
\•

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _  a
190 200 

— vc nC f~~~

ioooj r  p~~1

Fin. 5. — Diffusion of Rb ’ in RbN,. Open circles epresent — -~v, nA 2f,j (1)
the dii ivfties measused alone the c-axis and th closed cirobe

as, for a direction normal to the c-axis. (C/A)2 Dix/Du — (v*jvc) (f,izL6z).

Limited by the onset of decomposition at higher tern- to —

perature and the termination of the intrinsic region
below 200 °C due to the presence of impurities. The
scatter in the data is appreciably more for the diffli- 0$
sivities measured normal to the c-axis. A possible
reason may be the much smaller samples had to be
usedf hecdirection due to thesize of thegrown 1 20
crystals.

A least square analysis yields the following diffusion
parameters :

D~(~ D~) — 107 cm2/s , j rjC 1.43eV °~ 
~~

(Parallel to c-axis.) 
- 
- 
- K/A )2 g~Dt(— D11) — 5~3 ~~

2j~ 
HA — 1.45 eV - 22

(Normal to c-axis-)

- - Thus, the activation ~nthalpies for diffusion in - - -

both the directions are essentially same while the 
~~~~diffusivitics along the direction parallel to the c-axis 1 A

are higher than those normal to the c-axis by a factor Ftc. 6. — Anloanpy in the ccrTeladoo funcilom and the diffu-
of 3 for the temperature range studied. For the pam 1- ~~~~ as a fUnction of frequency ratio 1101. The scale to ths lift
m l  direction, the activation enthaipy from the conduc- ~ to be used for the correlation functicea.
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where D~ , v~ and C stand for diffusivity, jump fre- the entropy values in the two directions since there is
quency and jump distance respectively along the only nominal difference in the activation enchalpies.
c-axis ; D11, ~A’ and A are the corresponding symbols There is no other experimental or theoretical results
for a direction normal to the c-axis : it stands for which could decide the major contribution to this ratio
vacancy concentratioD. Figure 6 represents the gra- of VA/tIC. ft is more likely that the difference of entropy
phical representation of Mullen’s calculations for a values along the two directions accounts for this Large
34 x 34 matrix. A later calculation of Danentar ratio.
it aL (111 for a 7 x 7 matrix is essentially similar. Diffusion and conductivity results can be compared
From the Arrhenius plots of figure 5, one deter- on the basis of Nernst-Einstein relation. Assuming that

mines D~,JDTX ~ 0.29 at 250 °C (this ratio only both charge and mass transport are caused by the
changes slightly over the temperature range) leading cations migrating via vaca ncies, one obtains for a dixie-
to the following estimates from figure 6 ; 

~
,.J’c — 0.05, don parallel to the c-axis D~~JD, — 0.21 (at 250 0C),

— 0.2, f~~~ 
- 0.89. Using the standard expression D2~JD, — 0.22 (at 230 °C). It is i~ excellent agree-

for v (121 one obtains nent with the corresponding correlation function
A C r ~~ c.C 1 f~~~ 

— 0.2. This indeed is a strong support to the earlier
— v0/v 0 exp1(S,, — ~ ) Ikj X conjecture that cations are the principal mobile species

x exp((HC. — H~)f kTj (2) in RbN3. 
-In contrast, the corresponding values for the basal

where v0 is the attempt frequency, S,~ and NM are the plane are
entropy and enthal py of motion, k is the Boltmsan -

constant and T is the absolute temperature. Super- D111D, — 0.48 (at 240 °C), D~1iD, — 0.71 (at 224 °C).
script A and C refer ~o directions normal and parallel These values are much smaller than the correlation
to the c-axis. ft is interesting to note that the large function f~~~ 

— 0.89 which indicates that some other
ratio of v,Jvc stems from the attempt frequencies and mechanism is involved.
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DISCUSSiON

R. J. FalAur. — For conductivity in potassium anode A. L Lu~~a. — The temperature range covered by
you showed an extrinsic region at lower temperatures the Arrhenius plot for Na diffusion in KN, really
and an intrinsic re*ion at higher temperatures. But falls within the intrinsic range seen in the study of
for diffusion of sodium your results showed just one conductivity of K N .  Lowest temperature point for
line on the Arrhenius plot, with no break at the lower the diffusion experiment come close to the extrinsic

~emperaturm for the extrinsic region. This seems pecu- range, and may be a reason for the higher value of D
l iar. If additional vacancies are introduced by umpu- with respect to the single Arrhenius line. This is discuss-
rities, they should influence diffusion as well as conduc- ed in the text of the paper .
tivity . 


